U 12-type introns are a rare class of nuclear introns that are removed by a dedicated U12-dependent spliceosome and are thought to regulate the expression of their target genes owing through their slower splicing reaction. Recent genome-wide studies on the splicing of U12-type introns are now providing new insights on the biological significance of this parallel splicing machinery. The new studies cover multiple different organisms and experimental systems, including human patient cells with mutations in the components of the minor spliceosome, zebrafish with similar mutations and various experimentally manipulated human cells and Arabidopsis plants.
Introduction
U12-type introns, also called minor introns, are a distinct class of nuclear introns that contain highly conserved 5 0 splice site (5 0 ss) and branch point sequences. 1, 2 Approximately 700-800 genes containing U12-type introns are known in the mammalian system, 3, 4 but while the numbers of U12-type introns vary in other organisms, they are mostly found from the same orthologous genes despite of large evolutionary distances. [5] [6] [7] With few exceptions, most genes contain a single U12-type intron, surrounded by normal U2-type introns (also referred to as major introns). Minor introns are spliced by a divergent U12-dependent spliceosome, which contains 4 unique snRNA species and 7 unique protein components. Specifically, U11, U12, U4atac and U6atac snRNAs replace the respective U1, U2, U4 and U6 snRNAs found from the major spliceosome, while the U5 snRNA is shared between the 2 spliceosomes. All the unique proteins of the minor spliceosome are found in the U11/U12 di-snRNP, which carries out the initial intron recognition. In contrast, the U4atac/ U6atac.U5 tri-snRNP which is needed for the final assembly of catalytically active spliceosome, is thought to have the same protein composition as the U4/U6.U5 tri-snRNP of the major spliceosome. [8] [9] [10] One of the key functional differences between the 2 systems is that minor introns are only rarely involved in alternative splicing, most likely owing to their highly conserved sequence elements and a lack of usable alternative splice sites. 11, 12 Another difference is that minor introns have been reported to be spliced more slowly, both in vitro 13, 14 and also in vivo. [15] [16] [17] [18] The slower splicing in vivo has been inferred from the elevated levels of unspliced U12-type introns in the cellular steady-state RNA pool. On average, U12-type introns show approximately 2-fold higher retention levels compared to the U2-type introns in the same gene. The expected outcome of less efficient splicing is nuclear retention of mRNAs containing unspliced U12-type introns, possibly followed by nuclear decay. Accordingly, U12-type introns have been proposed to regulate the cellular levels of mature mRNAs. 16, 19 In support of this hypothesis, replacement of a minor intron by a major one within otherwise identical context leads to up-to 6-8 fold increase in protein yields 16 , and more recently, upregulation of U6atac snRNA levels have been shown to increase expression levels of genes containing minor introns. 19 Conversely, a presence of a U12-type intron leads to reduced levels of protein production, as shown in microinjection experiments using Xenopus oocytes. 15 
Inefficient Versus Slow Splicing of Minor Introns
Even though increased retention levels for minor introns have been reported in multiple systems, neither the generality of this observation, i.e. whether all or a subset of U12-type introns show increased retention, nor the subsequent fate of transcripts containing unspliced U12-type introns had been addressed until recently. Using cellular fractionation and RNAseq, we investigated global intron retention in mammalian cells and found that the majority of minor introns are indeed retained on average at 2-fold higher levels compared to the neighboring U2-type introns in the same transcript. 20 Furthermore, we showed that unspliced U12-type introns are further stabilized upon knockdown of the nuclear exosome. This indicates that transcripts containing unspliced U12-type introns are actively degraded by the nuclear quality control machinery. Together, these 2 observations provide strong support to the rate-limiting control hypothesis which states that U12-type introns limit the expression levels of their host genes. Most likely the degradation activity is linked to nuclear retention whereby a delay in processing increases the probability of mRNA degradation, as suggested by the kinetic surveillance hypothesis of nascent premRNAs. 21, 22 Alternatively, the surveillance mechanisms could be actively recruited to transcripts containing unspliced introns through interactions between the components of stalled spliceosome and the nuclear quality control machinery as shown recently. 23 However, a central but yet unanswered question relates to the mechanistic interpretation of increased retention of U12-type introns. The elevated U12-type intron retention levels on steady-state mRNA pool have been thought to indicate a slower splicing rate for U12-type introns as originally proposed both theoretically and experimentally by Patel et al. 16 The key underlying assumption of this model is that splicing rates for the individual pre-mRNAs within a premRNA population are the same. However, by allowing heterogeneity in splicing rates it is possible to come up with an alternative hypothesis, namely inefficient instead of slow splicing to explain the observed overrepresentation of unspliced U12-type introns. For example, by assuming 2 subpopulations of U12-type introncontaining transcripts, with one splicing at the same rate as U2-type introns and the other one failing splicing entirely would result in a pre-mRNA profile in RT-PCR analysis that is indistinguishable from the one resulting from kinetically slow splicing. Such inefficient splicing could arise if one of the specific components of the minor spliceosome would be limiting the formation of catalytically active spliceosomes. An alternative scenario could be a strict dependency on cotranscriptionality in the splicing of minor introns. Co-transcriptional splicing of minor introns itself is supported by qRT-PCR analyses of U12-type intron splicing on long pre-mRNAs 24 and by detection of U6atac snRNA in chromatin fractions in RNAseq analyses 25 , but at the moment it is not known if these introns can also be spliced in a post-transcriptional manner. Nevertheless, it is tempting to speculate that such a co-transcriptional splicing requirement would provide only a narrow window of opportunity for splicing to succeed, which would in turn lead to elevated levels of aborted or halted splicing complexes that are targeted by the nuclear quality control mechanism as described earlier with defective U2-type introns (Fig. 1) . 26 At present, there is little information to conclusively rule out either one of the possibilities as an explanation for the observed elevated intron retention levels. Tentative support for slow splicing of U12-type introns comes from in vivo measurements of transcription and splicing rates by Singh and Padgett. 24 By synchronizing transcription initiation with DRB, a CDK7 inhibitor that prevents reinitiation of transcription but allows elongation to proceed, followed by qPCR identification of specific exon-exon junctions they reported approximately 2-fold slower appearance of spliced exon junctions with U12-type introns compared to U2-type junctions. While this agrees well with the earlier steady-state measurements which generally show a 2-fold higher intron retention levels for U12-type introns, the observed splicing rates for U2-and U12-type introns are 5 and 10 minutes, respectively. However, the observed 5 min difference is close to the sampling frequency and therefore the resolution limit of the experimental setup. In contrast, our recent analysis of the decay rates of unspliced U12-type intron containing pre-mRNA molecules provides a provisional support for the inefficient splicing scenario. We found that the decay of the unspliced U12-type intron signal was not only particularly slow in exosome knockdown cells, but more importantly, the levels of unspliced introns were nearly invariant up to 2 hours after inhibition of transcription initiation. Such a pattern is more consistent with inefficient splicing (where a subset of introns fail to splice) than with slow splicing (where one would expect a gradual loss of U12-type intron pre-mRNA signal). However, either piece of evidence is not conclusive as such. To settle this issue it will be necessary to use other methods such as in vivo single molecule microscopy to accurately estimate splicing rates of U12-type introns as has been done with U2-type introns. 27 Regardless of whether the U12-type introns are spliced slowly or inefficiently, the molecular events responsible for the elevated retention levels of U12-type introns appear to take place after the intron recognition step. Inhibition of intron recognition step either by human disease-causing mutations 28 or by knocking down specific protein components in the U11/U12 di-snRNP responsible for the initial intron recognition 29, 30 all lead to, in addition to a defect in the splicing of U12-type introns, activation of cryptic U2-type splice sites in the vicinity of a subset of U12-type introns. Importantly, this has been observed not only in human or mammalian cells, but also in Arabidopsis. 29 In contrast, under normal conditions the unspliced U12-type introns accumulate but there is no indication of concomitant activation of nearby cryptic splice sites, 19, 20, 28 arguing that U12-type introns are in fact recognized with similar efficiency as U2-type introns, but one or more subsequent steps in the spliceosome assembly or catalytic activation of the spliceosome are either slow or fail altogether, thus resulting in the elevated intron retention signal seen with the RT-PCR and RNAseq analyses (Fig. 1) . Because inhibition of U6atac snRNA with a morpholino oligonucleotides in human cells also result in activation of cryptic U2-type splice sites, 19 it is possible that a stable recognition of U12-type introns and suppression of cryptic U2-type splice sites requires an exchange of U11 to U6atac snRNA at the 5 0 ss and possibly formation of the mature spliceosomal complexes (see Fig. 1 ).
Implications for Human Diseases
The outcome of splicing decisions between the U12-and U2-type introns, that is, whether to retain an unspliced U12-type intron, or to activate nearby cryptic U2-type splice sites may also have important clinical implications. Specifically, 2 congenital human diseases affecting specific components of the minor spliceosome have been described to date. MOPD1/TALS is a disease caused by mutations in the U4atac snRNA component of the minor spliceosome. 31, 32 In this case, the mutations disable the formation of U4atac/U6atac.U5 tri-snRNP and cause a relatively mild splicing defect with a small increase in the retention levels of U12-type introns in the endogenous genes. 31, 33 Nevertheless, the resulting disease is very severe with multiple developmental defects and eventual death typically within the first 3 y of life. In contrast, mutations in the 65K gene lead to rather dramatic activation of cryptic U2-type splice sites, but a very mild disease (IGHD1) phenotype with pituitary hypoplasia resulting in postnatal dwarfism, but apparently no other major symptoms. 28 While detailed transcriptome analysis of the MOPD1/TALS patients has not yet been described, the results seem somewhat counterintuitive, with more severe splicing defects leading to a milder disease. One possible explanation is that that perhaps the activation of cryptic U2-type splice sites seen with IGHD1 are better tolerated than the intron retention events reported with MOPD1/TALS. This could be because because many of the mRNAs resulting from cryptic splicing events may be eliminated via NMD pathway, while excessive accumulation of unspliced U12-type introns may interfere with the normal functioning and regulation of the U12-dependent spliceosome. In support of this hypothesis, another 65K mutation in zebrafish, which also seems to affect later stages of spliceosome assembly and does not lead to activation of cryptic splice sites also displays a more severe phenotype with multiple developmental defects. 34 A key question related to the regulatory potential of the U12-dependent spliceosome is whether its activity can be regulated via intracellular or extracellular signals. To date, 2 regulatory pathways have been described that affect minor spliceosome components and/or splicing activity. One of them is a negative feedback regulation that targets 2 key proteins, 48K and 65K, that are both components of the U11/U12 intron recognition complex. 35, 36 The other one is the p38MAPK signaling pathway that controls the U6atac snRNA levels, which in turn regulate the overall efficiency of U12-type intron splicing. 19 It is likely that these 2 regulatory pathways have necessary but separate roles for the splicing of U12-type introns. Consequently, the negative feedback regulation of 48K and 65K proteins is most likely maintaining the cellular homeostasis of the U11/U12 di-snRNP (the intron recognition complex) levels, which enables accurate recognition of U12-type introns. In contrast, the p38MAPK regulation of U6atac snRNA levels could determine the overall splicing efficiency of the minor spliceosome, with Figure 1 . A revised model for rate-limiting regulation of gene expression by U12-type introns. U12-type introns are spliced in a co-transcriptional manner similarly to the U2-type introns to produce mature mRNA molecules. A majority or all U12-type introns are correctly recognized by the U11/ U12 di-snRNP, and most likely can also assemble later spliceosomal complexes. However, a subset of them fails to carry out the splicing reaction and is targeted by the nuclear quality control mechanisms. Alternatively, it is possible that this subset can be spliced more slowly post-transcriptionally. Exons are indicated with a red color, U2-type introns are with light gray, and U12-type introns are with dark gray. a direct impact on expression levels with genes containing U12-type introns. 19 Regulation of minor spliceosome activity through the p38MAPK pathway may also explain the tissue specificity seen with the human diseases caused by mutations in the minor spliceosome.
Perspectives
The hypothesis that U12-type introns are providing rate-limiting regulation for their host genes was proposed some 10 y ago based on the analysis of a subset of U12-type introns which showed elevated levels of U12-type intron retention in RT-PCR analysis. Recent genome-wide analyses have now confirmed that inefficient splicing is indeed a general feature of the majority of U12-type introns, but have also shown that transcripts containing U12-type introns are degraded by the nuclear quality control mechanisms. While the distinction of whether the U12-type introns are spliced inefficiently or slowly will need to wait for future experiments, possibly single-molecule microscopy, there is also now strong evidence that the activity of the minor spliceosome can be regulated via cellular signaling pathways. Future research building on earlier data and the most recent genome-wide results will reveal the impact of the U12-type intron splicing on cellular pathways and also as a possible modulator of human disease phenotypes.
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